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In t roduct ion  

T h i s  s tudy t r i e s  t o  open new ways for t h e  use of weather sa te l l i t es  

and o t h e r  remote con t ro l  observations.  

newly discovered emiss iv i ty  o r  albedo v a r i a t i o n s  i n  t h e  4u window over 

Items inves t iga t ed  range from the  

su r face  temperature problems with t h e  1Ol.1 window t o  t h e  cons t ruc t ion  of 

a 18 Gc/s radiometer f o r  t h e  cm-window. 

Note: 

mentioned otherwise.  

are higher  or lower than t h e  reference which, as a r u l e ,  is t h e  environment. 

A l l  temperatures given below are i n  degrees Kelvin except when 

"Hot" or "cold" means H R I R  received s i g n a l s  which 
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. 

The 4, Window, Observations of  Albedo 

A glance a t  t h e  HRIR 4p p i c t u r e s  of Nimbus I reveals a remarkably 

sharp  separa t ion  o f  water and land.  

One could say, of course, t h a t  i n  a September n igh t  a l l  waters are warmer 

than  t h e  land and vice versa a t  daytime. 

are more complicated. 

by sun ' s  r e f l e c t i o n  a t  daytime and local v a r i a t i o n s  of emiss iv i ty  a t  n igh t .  

This holds f o r  day and n igh t  p i c tu re s .  

On closer s i g h t ,  however, t h ings  

The effect of temperature c o n t r a s t s  seems enhanced 

To i n v e s t i g a t e  t h e  4~ albedo from Nimbus daytime da ta  w e  assume t h a t  

This  i s ,  Of t h e  r e f l e c t i v i t y  is gray and d i f fuse  wi th in  t h e  f i l t e r  area. 

course,  a guess and v e r i f i c a t i o n  can come only  from d e t a i l e d  s p e c t r a l  

experiments. 

Nat ional  Grasslands i n  Colorado ( la ) .  We ca l l  

This is c e r t a i n l y  not  t h e  case for t h e  s o i l  of t h e  Pawnee 

c t h e  emiss iv i ty  

(1 - E )  t h e  albedo 

TR t h e  t r u e  su r face  temperature  

TN 

B 

t h e  temperature taken from Nimbus HRIR d a t a  

t h e  black body emission for t h e  s p e c t r a l  area, d i r e c t i o n  and 

temp era t u r  e involved 

T 

f 

t h e  t r ansmiss iv i ty  of t h e  beam sun t o  s u r f a c e  area 

t h e  t r ansmiss iv i ty  surface area t o  sa te l l i t e  

1 

2 

t h e  s o l a r  z e n i t h  angle  
-2 -1 

S t h e  r e f l e c t e d  solar i r r ad iance  for our  s p e c t r a l  area (watt c m  s t e r  1, 

i .e . ,  t h e  i r r ad iance  found above a n  atmosphere-less e a r t h  of 100% 

difruse albedo. 



Assuming first T = f2 = 1 w e  f i n d  

S*COS z - B(TN) _. 
e =  S*COS z - B(TR) ( 2 )  

-2 -1 min S can be found by assuming a s o l a r  cons tan t  of 2.0 cal cm and 

a solar s p e c t r a l  d i s t r i b u t i o n  l i k e  t h a t  of a 6000OK body. 

f i n d  S = 1.30 w a t t  cm'2 s ter  

Obviously i f  TN or  TR approach t h i s  temperature eq. (2) becomes use l e s s .  

From t h i s  w e  

-1 corresponding t o  350°K blackbody emission. 

Tenta t ive  E da ta  were evaluated from a f e w  daytime passes .  F l i g h t  

195/6 l eads  near  local noon over  a l i n e :  W. Cuba-Panama Canal-Cape Horn. 

The gray  scale used for  t h e  pos i t i ve  f i l m  p r i n t s  dev ia t e s  by about 4 O O K  

from t h e  one given on page 93 of t h e  Catalog ( l b ) .  

f o r  t h i s  f l i g h t  can be taken from the  Carribean Sea (30O0K) for t h e  nor th  

p a r t  of t h e  f i l m  and f r o m  t h e  Pac i f i c  near  3OoS for t h e  southern p a r t .  A 

Cal ibra t ion  of t h e  s c a l e  

second check poin t  cannot be found on these  p i c t u r e s  s ince  E is  unknown 

for  a l l  surfaces except water where it is near un i ty .  Since t r u e  da t a  

are not  a v a i l a b l e  y e t  w e  may guess a t  t h e  values  of t h e  gray scale. 

255OK t h e  s c a l e  i n  t h e  Catalog (lb) doubles t h e  i n t e n s i t y  f o r  each s i n g l e  

Above 

s t e p  or 
bx/bx-l = 2.0 ( 3 )  

i f  x = 1, 2, 3 are t h e  numbers . o f t h e  s c a l e  f o r  255OK and more and b t h e  

corresponding B(TN). 

If w e  presume t h a t  t h i s  l a w  holds also for  a s c a l e  s h i f t e d  by fou r  

p o i n t s ,  t h e  average T change would inc rease  pe r  scale s t e p  from 15OK a t  N 
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295 to  20°K at  340OK. 

of t h e  Catalog from 250 t o  310°K as 1 2 O K  pe r  s t e p  and ex t r apo la t e  t h i s  t o  

35O0K. 

We could,  on t h e  o the r  hand, t a k e  t h e  average increase  

We se lec ted  the la t te r  more conservat ive f i g u r e  t o  estimate TN da ta .  

The Orinocco r i v e r  shows c l e a r l y  a t  about S O N ,  68OE. Its TN coincides  

with t h a t  of t h e  ocean. 

a broad jungle  r i v e r .  

geographic ou t l ine  is d i s t i n c t  enough t o  exclude clouds over most of Colombia 

and Venezuela. A "hot" a rea  l i e s  south of t h e  Gulf of Uraba; t h i s  seems t o  

be t h e  very wet jungle  of t h e  w e s t  s lope  of Cord i l l e r a  Occidental .  

jungle  has a TR very close t o  300°K s i n c e  according t o  ( 2 )  t h i s  is t h e  average 

temperature of tree tops  i n  t h i s  climate. 

day, season, or tree height  was observed. 

s o i l  t o  t h e  s a t e l l i t e .  

A temperature of 300°K seems q u i t e  t y p i c a l  for such 

TN for some areas around is obviously higher.  The 

This  

Very l i t t l e  change f o r  time of 

These jungles  show not  a t r a c e  of 

Other a reas  i n  Colombia could not  be evaluated s i n c e  no f o r e s t r y  or 

climatic da ta  are  ava i l ab le .  

t he  area south of Lake Maracaibo and t h e  coastal s t r e t c h  around Caracas could 

be loca ted  on an e x c e l l e n t  forest map of Venezucla. 

jungles ,  f r e e  of people and s teppes .  

300OK. 

and two obviously cumulus type clouds nor th  of Colombia. 

of course be qui te  hot ;  bu t  on t h e  o t h e r  hand, d e s e r t  qua r t z  sand is expected 

to  have some albedo. 

below t h e  sea temperature of 300OK. 

very co ld  on t o p ,  making t h e i r  B(TR) i n s i g n i f i c a n t l y  small. 

However, t h e  Ifhot" a r e a s  of northern Guyana, 

A l l  t h r e e  reg ions  are 

The T again cannot dev ia t e  much from 

The "hot tes t"  spot  on t h e  p i c t u r e  is  t h e  coastal d e s e r t  of Guar j i ra  

R 

Guar j i ra  could 

The cumulus clouds could be  some 10  or more degrees  

F ina l ly ,  t h e  hur r icane  Dora clouds are 

Cloiids seciii to have very different albedos.  Compare: 
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1) Run 175, daytime, area 50-60S, 68-80E a t  07:13 GMT, 9 September, 1964 

2)  Run 181, n ight ,  same area a t  18:43, GMT, 9 September, 1964 

The second p i c t u r e  shows a f ron t  s t a r t i n g  a t  about 7OoS, 90°E going 

We see a moderately "cold" area ahead, probably a c i r r u s  to  S O O S ,  80°E. 

with t h e  ocean r a d i a t i n g  through. 

a l t o s t r a t u s .  

obviously cumuli i n  i n s t a b i l i t y  showers. 

hours p r i o r  t h e  c i r r u s  area cannot be found. 

i t s  TN close t o  t h a t  of t h e  ocean. 

a l b e i t  somewhat "warmer"  than  t h e i r  b re thern  i n  t h e  same p i c t u r e  a t  about 

40° 220E. 

Then comes a very "cold" wing, obviously 

Behind t h e  f r o n t  are many s c a t t e r e d  small "cold" areas 

Now i n  the  day p i c t u r e s  only 11 

The a l t o s t r a t u s  is now "hot," 

The cumuli, however, are c l e a r l y  t h e r e ,  

More daytime cloud da ta :  Run 195/6 shows a l a r g e  cloud over Panama 

with a ')hot" core and a "cold" core periphery.  

are seen  over t h e  whole range of the  sun g l a r e .  

t o  be c i r r u s  i n  t h e  cen te r  and normal cumulus a t  t h e  periphery.  

More such "cold" ,clouds 

The b i g  Panama system seem2 

Run 206 shows "cold" clouds over Southern Spain,  Northwest Fmnce and 

Northwest Africa. It also shows a "hot" cloud south of Marseille. 

To eva lua te  correct albedo da ta  from these  areas w e  have t o  w a i t  for 

t h e  d i r e c t  read-out da t a .  Present  es t imate  is: 

albedo a l t o s t r a t u s  -- 10% 

albedo cumulus -- 4% 

Runs 174, 175, and 206 show the albedo of A 

s u b s t a n t i a l .  

t a r c t i c a  t o  be also q u i t e  

Night da t a  may also be  used t o  f i n d  E. Run 229 on 23:47 GMT of 

12  September 1964 g ives  good coverage of north and c e n t r a l  Europe down t o  
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t h e  Ahaggar Mountains i n  t h e  Sahara. 

1) From c l ima t i c  da t a  and on-shore wind t i . ?  su r f ace  temperature of 

t h e  Southern Gulf of Bothnia is 281°K, t h a t  of t h e  Mediterranean, 295OK. 

The gray s c a l e  of t h e  t w o  areas f i ts  very w e l l  wi th  these  da ta .  

The area of t h e  southern p a r t s  of Bavaria, Wuerttenberg and Baden r e p o r t s  

exac t ly  two minutes before  Nimbus f l i g h t  an  average sc reen  l e v e l  temperature 

of 288O ( t e n  s t a t i o n s ) .  

Nimbus da ta ,  however, show t h e  T 

"ho t t e r  than  Southern Germany. 

Data vary from 1 4 O C  (Ulm) t o  17OC (Karlsruhe) ,  

of Bothnia about one scale or 15O N 

2)  The Ruhr area can be seen t o  be markedly "hot ter"  than  i t s  environ- 

ment. There i s  no orographic  reason  d i s c e r n i b l e  for t h i s  fact. 

temperature taken from t h e  d a i l y  German map as w e l l  as from a le t te r  of 

D r .  Klug, Weather Bureau a t  Essen, i n d i c a t e s  an average ( s i x  s t a t i o n s )  of 

283O, t h a t  of areas  ad jacen t  t o  a l l  fou r  d i r e c t i o n s  about  281°, an  i n s i g n i f i c c n t  

d i f f e rence .  

its environment a r e  considered: 

The screen  

Four poss ib le  reasons f o r  t h e  TN d i f f e r e n c e  o f  t h e  Ruhr VS. 

a )  The Ruhr sur face  temperature d e v i a t e s  less than  t h a t  of t h e  environs 

from t h e  s c reen  temperature.  

makes sense. 

Only tests could show whether t h i s  

b )  There could be an indus t ry  caused w a r m  b lanket  of  smog over  t h e  

Ruhr, held i n  space by a good invers ion .  

"warmer"  than  t h e  ground. 

is excluded by t h e  observa t ions ;  t h e  inve r s ion  is 100 m high,  1' 

w a r m e r  than surface a i r ,  very d ry  (50% r e l a t i v e  humidi ty) ,  v i s i b i l i t y  

is 15-30 km and no smog. 

This  a i r  would e m i t  

This  inversion-smog combination, however, 
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c)  The Ruhr r a d i a t i o n  could be caused by open hea t  sources  such as 

chimneys and t h e i r  e f f luen t s ,  open fires, etc. 

body a t  600° would be about 300 times, a t  900° about 6000 times 

Emission of a black 

s t ronge r  than t h a t  o f  a 300° body of equal  area. 

280° to  290° o r  from 0.085 t o  0.133 watts m-* ster-l would r equ i r e  t h a t  

To raise TN from 

(1 - ~ ) * 0 . 0 8 5  + ~ ' b ' 0 . 0 8 5  = 0.133 (4) 

where a is  the  r e l a t i v e  a rea  covered by a hot  source emi t t ing  b 

times more than 0.085 watts. With b = 6000 (for a 900° source) w e  

2 f ind  a An a r e a  of 10 x 10 km should then conta in  a f i r e  ' 

area of 10  m o r  100 x 100 m . The tempzrature of 900° is t h a t  

of a t y p i c a l  open wood o r  gasol ine f i r e  (7). 

4 2  2 

The f i r e  area mentioned 

seems r a t h e r  u n r e a l i s t i c .  

information from t h e  Ruhr are  h igher  by t h e  same amount. 

no s i n g l e  "hot" spot .  

It might be noted also t h a t  a l l  b i t s  of 

There i s  

This  simple ca l cu la t ion  shows also t h e  l i m i t a t i o n s  of Nimbus 

HRIR fo r  s p o t t i n g  f o r e s t  f i r e s .  

d )  The Ruhr area could have a higher E than  t h e  environs which a r e  

covered with soil  or vegetat ion,  whereas t h e  Ruhr which is infamous 

f o r  its a i r  po l lu t ion  might be covered with a t h i n  l a y e r  of soot .  

There has  been no measurable amount of p r e c i p i t a t i o n  for  two dzys befor-.  

The Sahara shows two d i s t i n c t l y  t lhott l  areas, namely t h e  Ahaggar 3) 

Mountains and t h e  Djebel Garian south of T r i p o l i s  (Runs 229 and 258). 

areas conta in  s t e e p  slopes with l i t t l e  chance for sand or  d u s t  t o  adhere. 

Vegetat ion is minimal. 

Both 

Temperature minima i n  t h e  Ahaggars dec l ine  with 



- 8 -  

a l t i t u d e  ( 5 ) .  

absence of quartz  sand causes t h e  s lopes  t o  show t h e  E of s o l i d  rocks which 

ought t o  be high. 

So t hese  mountains should be llcold" not  "hot." Maybe t h e  

An in t e re s t ing  a rea  is  nor th  of l a t .  24-27O N l l o E .  This i s  "hot" 

a t  daytime ( r u n  206/7) and also Ifhot" a t  midnight ( run 258). 

as t r u e  dese r t .  

It is l i s t e d  

It might be hot as well as r e f l e c t i n g .  

Theory of Albedo - 
Vis ib l e  albedo is  e s s e n t i a l l y  composed of 

1) 

2)  

Specular albedo on ice ,  rocks, water, metals and o t h e r  sur faces  

Diffuse albedo from f i n e l y  dispersed matter which is someMhat 

permeable t o  the  v i s i b l e .  

powders of NaC1,  MgO, etc. 

Examples are snow, sand,  c louds ,  foam, and 

3 )  

1 0 1 ~  albedo is e s s e n t i a l l y  caused by r e s i d u a l  r a y s  of quar tz  and o t h e r  

Specular albedo may reach near  100% i n  t h e s e  r ays .  

Spec i f ic  molecular albedo such as t h a t  of chlorophyl l .  

compounds of S i  and 0. 

But items 2) and 3) of above are unl ike ly  t o  con t r ibu te  s ince  most substances 

are impermeable. The permeable N a C l  as a powder, however reaches a 50% albcclo. 

The 4 p  albedo should be somewhere i n  between t h e  v i s i b l e  and t h e  1 0 ~ 1  

NaC1,  KC1 and similar sa l t s  should,  i n  d i spe r s ion ,  g ive  very high area. 

albedoes.  

a lbedo of s o l i d s  and l i q u i d s .  

incidence and more for  o t h e r  angles .  

as w e  know. 

To make est imates  on o t h e r  substances w e  f irst  cons ider  specular  

Water and ice reflect about 2% f o r  v e r t i c a l  

Data for rocks are equal ly  low as f a r  

For disperse  matters such as c louds ,  sand, d u s t  and snow w e  have t o  

c o n s i d e r  the abso rp t iv i ty ,  r e f l e c t i v i t y ,  wavelength, and t y p i c a l  p a r t i c l e  
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diameter. 

4~ r ay  is halved by absorpt ion.  

For convenience w e  introduce d(1/2) as t h e  depth i n  which a 

Some examples are (see Table 1); 

1) Dune sand. Quartz p a r t i c l e s  of 100~ diameter are l a r g e  compared 

t o  X and d(1/2) exceeds 1 0 0 0 ~ .  Albedo w i l l  be high, maybe 30%. -Geometrical 

o p t i c  app l i e s .  

2) Dust or s o i l  of carbonates.  

smaller than  X and also than d(1/2). 

apply. Albedo can be s u b s t a n t i a l .  

3) Water clouds. P a r t i c l e s  are 

P a r t i c l e  diameter may be equal  or 

Laws of f i n e  p a r t i c l e  s c a t t e r i n g  

l a r g e r  than X and d(1/2) .  In  each 

s t e p  a l a r g e  f r a c t i o n  is  absorbed. Albedo should be l o w .  

4) Ice clouds,  snow. Whereas reflection and t ransmission i n  t h e  s o l i d  

is poorer  than  i n  water, e f f e c t i v e  particle diameters might be very small. 

Albedo should be moderate. 

5 )  Green leaves r e f l e c t  l i t t l e  i n  t h e  v i s i b l e ,  about 50% i n  t h e  near 

I R ,  very l i t t l e  a t  1 0 ~ .  One s i n g l e  t es t  a t  41.1 shows a 15% albedo (8). 

Vegetation might be q u i t e  r e f l e c t i v e .  

TABLE 1. Penet ra t ion  of 4p r a y s  i n  homogenous material 

and type of d ispers ing  matter. 

Dispersion 
50% D e  t h ,  d(1/2) Diameter Type Material PL-- 

Ice 2 5P 101.1 C i r rus  

Water 5011 10-40~ Cumulus 

Quartz  1300~ 100 Dune 

Feldspar 18011 100 Dune 

e10 Dust, s o i l  

10 Dust, s o i l  
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Daytime 41.i iata might he lp  t o  d i f f e r e n t i a t e :  type of clouds,  type  

of vege ta t ion ,  ty3e  of soil .  

If a 1 0 ~  ra2iometer is used concurrent ly ,  sur face  temperature and 

albedo can be foi nd. 

The 1 O u  Window 

Our first e f f o r t  i n  evaluat ion of s a t e l l i t e  temperature measurements 

by use  of t h e  inf ra red  centered on determinat ion of e m i s s i v i t i e s  i n  t h e  

8-12 micron window for sur faces  on t h e  ea r th .  

were obtained in  Eastern Washington and i n  Death Valley with t h e  "emissivi ty  

box" (9). 

semi-annual r epor t  of t h i s  con t r ac t .  

o rder  for  t h e  ea r th  to  show a s i g n i f i c a n t  dev ia t ion  from "blackness," it 

is necessary t h a t  t h e  top sur face  be free of vegeta t ion  or even humus. 

In t h e  Eastern Washington s t u d i e s  it was found t h a t  for  t h e  Ginko area 

almost a l l  sur faces  showed very high e m i s s i v i t i e s ,  around 99%. 

progress  east and southward t o  the  d r i e r  area of Hanford, t h e r e  was obviously 

much less vegetat ion,  no l e i chen  t o  speak of on t h e  rocks, and here  t h e  

e m i s s i v i t i e s  ranged from 94.6% for a quar tz  sanddune t o  98.5% for  a very 

f i n e  lava s i l t .  

F ie ld  measurements of emiss iv i ty  

R e s u l t s  of f i e l d  and labora tory  tests were tabula ted  i n  t h e  

I n  summary we may state t h a t :  i n  

A s  w e  

For t h e  Death Valley-Amargosa Desert area, where w e  have even less 

vegeta t ion ,  deviat ion from blackness up t o  10% was found f o r  c e r t a i n  s i l i c i c u s  

rocks. Most o f t h e  lava rock  types had e m i s s i v i t i e s  of 96-99%. 

Since t h e  temperature regime i n  Death Val ley had become of concern 

through t h e  Nimbus I HRIR photos t h e  i n t e r e s t  focused on t h e  s p e c i a l  fea tapes  

of t h e  valley such as t h e  s a l t  pools.  For 8-12 micron t h e  s a l t  emis s iv i ty  
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as measured i n  t h e  f i e l d  gave 97.6%. 

made on N a C l  for  emiss iv i ty .  

through gr inding t h e  corresponding emissivi ty  also decreased. 

A t  home i n  t h e  labora tory  tests were 

As t he  s i z e  of N a C l  c r y s t a l s  was decreased 

For 2-5 mm 

c r y s t a l s  t h e  emiss iv i ty  was 98.8% and for t h e  same ground to  a f e w  hundred 

micron g r a i n s  it was 85%, while for reagent  N a C l  t h e  emiss iv i ty  was as l o w  

as  57.0%. 

Since N a C l  i s  highly transmissive i n  t h e  in f r a red ,  as snow is t o  t h e  

v i s i b l e ,  w e  may have similar d i f fuse  r e f l e c t i o n  occuring f o r  t h e  two materials 

i n  d i f f e r e n t  wavelength bands. 

effect of g r a i n  s i z e  for  qua r t z  at II microns, where t h i s  material is t r ansmi t t i ng .  

We are  now in t r igued  by a poss ib l e  similar 

F ie ld  Work on Radia t ive  Surface Temperatures and Sky Temperature 

During t h e  summer 1965 we have been ou t  i n  the  f i e l d  obtaining r a d i a t i v e  

temperatures of var ious  sur faces  over 24 hour per iods ,  and also sky tempera- 

t u r e s  as a funct ion  of zen i th  angle  around t h e  clock.  

have used t h e  Barnes I T 2  Inf ra red  Thermometer with 8-12 micron f i l t e r ,  and 

c a v i t y  temperature a t  52OC. 

t h i s  wavelength region and summer time give e f f e c t i v e  black body temperatures 

of down t o  -4OOC i n  t h e  zeni th ,  w e  a f f ixed  a bucking p o t e n t i a l ,  us ing a very 

f i n e  v a r i a b l e  r e s i s t a n c e  of 8000-9000 ohms, and r egu la r  3 v o l t  ba t t e ry .  

Ca l ib ra t ion  for  t h i s  l o w  temperature range w a s  done by using propyl a lcohoi  

ba ths  cooled by s o l i d  C02. 

a t  8-12 microns as measured w i t h  our emiss iv i ty  box, and by s t i r r i n g  w e l l  

w e  hope t o  have obtained a good ca l ib ra t ion .  

were used for  c a l i b r a t i o n .  

measurement i n  t h e  f i e l d  check points  were obtained for  an iceba th  and a 

For both purposes w e  

I n  order t o  measure sky temperatures,  which f o r  

Propyl a lcohol  has p r a c t i c a l l y  100% emissivi';y 

I n  t h e  0-50°C range water baths  

Emissivity of water i s  a l s o  very high. A t  each 
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bath  a t  15O t o  2OOC. 

t h e  Barnes is s e n s i t i v e  t o  t h e  power and somewhat to  environmental 

We had car b a t t e r i e s  f o r  our  power supply,  and 

temperatures  t h i s  proved a very valuable  checking procedure. 

Radia t ive  Surface Temperatures 

On July 15-16, 1965, t h e  Barnes was set up on t h e  nor th  side of t h e  

Stevens Canyon i n  Mount Rain ier  Nat ional  Park. 

chosen because spruce t h i c k e t s ,  deciduous low growth, a rock s l i d e  and rock 

faces, as w e l l  as snow f i e l d s  and green meadows could e a s i l y  be s igh ted  here ,  

and some surfaces  under high dec l ina t ion  angles ,  t h u s  best s imula t ing  t h e  

satel l i te  observat ion poin t .  

from 900 t o  1950 m .  

areas were i n  the bottom of t h e  canyon and on t h e  north-facing s lope .  

a l s o  observed a west facing and a south  f a c i n a  rock wal l  on t h e  nor thern  

r i d g e  of t h e  canyon. 

except f o r  t h e  ear ly  morning hours on J u l y  11, when a s t r a t u s  deck hovered 

over  t h e  canyon. Valley and s l o p e  winds were noted. Maximum-minimum 

thermometers were s e t  o u t  i n  areas a l s o  observed with t h e  Barnes. I n  t h e  

following graphs emis s iv i ty  dev ia t ions  from blackness  has no t  been co r rec t ed  

for ,  n e i t h e r  has atmospheric i n t e r f e r e n c e  been considered.  

presented t h e  optical pa ths  are  approximately equal ,  and t h e  real d i s t a n c e s  

are small, of t h e  o r d e r  of a f e w  hundred meters a t  t h e  most. 

were a l s o  taken of more d i s t a n t  o b j e c t s ,  but  he re  it is  obvious t h a t  t h e  

atmospheric influence has t o  be cor rec ted  for.  Snow f i e l d s  about 3 km away, 

for in s t ance ,  s h o w  equiva len t  black body temperatures  of 10°C. 

This  observat ion po in t  was 

Stevens Canyon runs  N . N .  t o  S . E .  with a r i se  

We were a t  100 m above t h e  canyon f l o o r .  The tested 

We 

The weather was clear snd with s l i g h t  g rad ien t  winds, 

For t h e  curves 

Measurements 

The surfaces of Fig. 1 are more or less h o r i z o n t a l  and i n  t h e  bottom 
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of t h e  canyon, t h u s  t h e i r  maximum temperature occurs  nea r  local noon. 

d i f fe rences  between t h e i r  temperatures are due t o  t h e i r  d i f f e rences  i n  solar 

absorp t ion  and hea t  conduct ivi ty  r a t h e r  than  exposure. 

The 

I n  Fig.  2 we see t h a t  t h e  maximum occurs  about t h r e e  hours l a te r  for 

t h e  west fac ing  rock w a l l  than  for the south  f ac ing  one, bu t  t h e  maximum 

temperature reached i s  almost iden t i ca l .  

s ta r t s  warming two hours or so earlier than  t h e  west face as expected. 

no r theas t  fac ing  sl ide above t h e  r i v e r  has a n  e a r l y  morning warm-up, and 

reaches  i t s  maximum a t  9 a.m., and then cools off .  

I n  t h e  morning t h e  south face 

The 

The maximum thermometer i n  t h e  spruce t h i c k e t  showed about 21OC a t  1.3 m 

above ground near a tree t runk ,  while t h e  r a d i a t i v e  maximum temperature of 

t h e  tree tops  w a s  25OC. 

ground. 

2 5 O  whi le  t h e  s u n l i t  rocks l ide  has  a maximum temperature  of 3OOC.  

minimum thermometer readings  coincided t o  wi th in  a degree with t h e  minimum 

of t h e  r a d i a t i o n  temperature curves.  This  agreement is undoubtedly due to 

t h e  e a r l y  morning overcast. 

This  g ives  a 4O temperature  d i f f e r e n c e  crown t o  

A maximum thermometer placed i n  shade above t h e  rocks l ide ,  showed 

The 

Also i n  Mount Rain ier  National Park,  bu t  i n  t h e  northwest corner  a t  

Ipsu t  Pass ,  w e  took similar measurements as i n  Stevens Canyon. We wished 

t o  measure t h e  temperature  grad ien t  down t h e  f o r e s t e d  s lopes  of t h e  no r th  

r i d g e  of t h e  Carbon River va l ley .  The d i u r n a l  wind system of t h i s  v a l l e y  

has  been thoroughly inves t iga ted  by t h i s  department (10). 

observa t ion  p o i n t  runs  N.W. t o  S.E., and w e  looked a t  it from a pass  i n  

t h e  r i d g e  t o  t h e  south  through a small s i d e  va l l ey .  

Carbon Valley a t  

During t h e  n igh t  w e  unfortunately had a sudden no r the r ly  g rad ien t  wind 



- 14 - 
up t o  15-20 knots for  a few hours,  which o b l i t e r a t e d  r a d i a t i v e  d i f f e rences ,  

but  during the  daytime hours we see a temperature d i f f e rence  of 2-3OC between 

top  and bottom of t h i s  nor th  r i m  of t h e  va l ley .  

atmospheric influence has been appl ied here  e i t h e r  as y e t ,  but t h e  s lope  

is s t e e p ,  having a 900 m r ise i n  1800 m ho r i zon ta l  d i s t ance ,  so t h e  atmospheric 

No co r rec t ions  f o r  

in f luence  should not  vary much from t o p  t o  bottom. 

From Ipsut Pass  w e  also observed t h e  temperature regime of low green 

growth, spruce t h i c k e t s  and rockfaces.  

We may note  tha t  t h e  darker  spruce tops  are warmer by day and cxmfker by 

The graphs are presented i n  Fig.  3 .  
6 + 

night  than the  lower and l i g h t e r  colored deciduous growth. 

From t h e  roof of a bui lding on t h e  Universi ty  of Washington campus w e  

observed temperatures of  var ious sur faces  such as concre te  and br ick  walls, 

a mudflat and la rge  chestnut  trees (see Fig.  4 ) .  The nor th  and south faciw 

concrete  surfaces  were not  v e r t i c a l ,  but  made an obtuse angle  with t h e  

hor izonta l .  The  b r ick  w a l l  was v e r t i c a l .  The ches tnut  t ops  were observed 

a t  an angle  from t h e  east ,  and t h e  mudflats from t h e  w e s t .  For t h e s e  l a t te r  

t w o  a n  atmospheric co r rec t ion  may be necessary 

Sky Temperature -- Measurements 

During July 28-30, 1965, S e a t t l e  had clear w a r m  days and n igh t s  due t o  

an upper l e v e l  r idge .  With the  equipment on t o p  of t h e  campus bui ld ing  sky 

temperatures were observed for 36 hours. 

Figure 5. 

Some of t h e  d a t a  a r e  presented i n  

A diurna l  s h i f t  on t h e  temperature scale is no t i ceab le  f o r  t hese  

curves,  but  the r e s u l t s  are not  d e f i n i t i v e .  

The following formula of sky r a d i a t i o n  as a func t ion  of zen i th  angle  

was found by Strong ( 1 2 )  t o  f i t  t he  d a t a  of Dines, which included t h e  who].?. 



- 15 - 
spectrum : 

1/28 I8 = a + b sec 

Ig is  r a d i a n t  emit tance 

8 is  zeni th  d i s t ance  

(5) 

a and b are empir ical  cons tan ts  

Also i n  h i s  spectroscopic  s tud ie s  of i n f r a red  sky r a d i a t i o n  for  var ious 

wavelengths Strong found t h e  sec1'*6 type  p l o t  (eq. 5 )  t o  g ive  a b e t t e r  

fit than  t h e  Langley p l o t  of sei: 8 versus t h e  logarithm of  emittance ( 1 2 ) .  

The l a t te r  formula is based on Beer's l a w  i n  t h a t  t h e  path length inc reases  

propor t iona l  to  t h e  sec 8. 

The secant  dependency of t h e  logarithm of emission is an i n d i c a t i o n  of 

continuous absorpt ion f o r  t h e  wavelength i n t e r v a l ,  while t h e  sec 1/2, 

dependency according t o  t h e o r e t i c a l  work by Ladenburg and Reiche (13) and 

o t h e r s  is expected for  t h e  o v e r a l l  absorpt ion by a band of s t rong  l i n e s .  

I n  t h e  1941 work by Strong he makes a case for  s+rong band type absorpt ion 

i n  t h e  "window" based on h i s  own data  and da ta  obtained by Adel aga ins t  a 

continuous absorpt ion as predic ted  by Elsasser. In  h i s  l a te r  work, Elsasser 

(1960) develops t h e  absorpt ion by a s p e c t r a l  l i n e ,  and d iscusses  t h e  

s p e c i a l  cases of s t rong  and weak absorption (14). For a weak l i n e  he f i n d s  

i t s  atmospheric absorpt ion t o  be l i n e a r l y  propor t iona l  t o  o p t i c a l  depth ,  u. 

However, fo r  a s t rong  l i n e  t h e  center  p a r t  is completely absorbed i n  a 

s h o r t  d i s t ance ,  and f u r t h e r  absorption t akes  p lace  i n  t h e  wings, and is 

propor t iona l  t o  t h e  square r o o t  of o p t i c a l  depth,  (uI1'* and hence t o  

secl/*O. The absorpt ion i n  t h e  8-12 micron "window" is mainly due t o  

wings of water vapor l i n e s  having t h e i r  c en te r s  ou t s ide  t h e  window, and t o  

some weak t r a n s i t i o n s .  The ozone absorption band a t  9.6 microns is  s t rong  
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and would a l s o  po in t  t o  a sec1/2f3 r e l a t i o n s h i p  between sky emission and 

zen i th  dis tance.  

A small computer program was w r i t t e n  t o  f i t  var ious  types  of curves t o  

t h e  d a t a .  The t w o  curves Ie = a + b sec1/2e and Ie = al + bl sec 8 were t r i e d .  

With a change of va r i ab le  sec 1'2e = u and sec 8 = v l i n e a r  r eg res s ion  formulas 

can be used as expressed by Panofsky (14) .  I n  o rde r  t o  see which formula 

gave the  b e s t  f i t ,  t h e  "goodness of f i t "  was ca l cu la t ed  by t h e  formula: 

where I' is  the emit tance value predic ted  by t h e  curve,  and Ie is t h e  observed 

value f o r  t h e  same zen i th  d i s t ance .  

t h e  number o f  data po in t s .  

f o r  each even 5 degrees of zen i th  d i s t ance .  

during Ju ly  28-30 t h e  secant  curve had 3 t o  4 times t h e  scatter of t h e  

8 

S21 is c a l l e d  t h e  scat ter  and N is  

The r a d i a t i o n  d a t a  were averaged over  t h r e e  hours 

For 9 such sets of da ta  obtaineci 

2 secant  'I2 curve. The emittance was i n  w a t t / m  as computed by an i n t e g r a t i o n  

of t h e  Planckian over  t h e  8-12 micron window for t h e  equiva len t  blackbody 

temperature given by the  Barnes instrument .  

The curve I n  Ie = a + b sec 8 was also f i t t e d  for  both n a t u r a l  logari thm 

and for logarithm t o  t h e  base 10. 

which is obvious s i n c e  10 = ey or e = lox .  

t h e s e  curves was 5-10 times l a r g e r  than  t h e  scat ter  for  t h e  curve expressed 

The scatter is  t h e  same f o r  both curves ,  

For t h e  9 cases t h e  scat ter  of 

by eq. 5. 

r Linke has used a formula Lo = Lo cos 8 for  t h e  hea t  loss under an  angle  

from a hor izonta l  black instrument  (15). L is t h e  loss a t  a n  ang le  8 and 

L i s  t h e  loss to  zeni th .  

0 

8 is aga in  zen i th  d i s t a n c e  and r is  an  empirica '  0 
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constant  t o  be found. Since w e  have da ta  f o r  t h e  incoming sky r a d i a t i o n  

r a t h e r  than t h e  n e t  outgoing I t r i e d  t o  f i n d  an R t h a t  b e s t  f i t  t h e  d a t a  t o  

t h e  formula 
R I, = Io sec 0 

Angular v a r i a t i o n  of n e t  
outgoing r a d i a t i o n  

( 7 )  

Angular v a r i a t i o n  of incoming 
sky r a d i a t i o n  

The equat ions are not  simply comparable s i n c e  Linke's formula of course 

includes a term K for t h e  outgoing infrared r a d i a t i o n  from t h e  e a r t h ' s  

sur face .  If we assume t h e  ea r th  t o  be black K is not a func t ion  of 8 and 

w e  can then write 

Le = (K - Ie) 

Resu l t s  of f i t t i n g  t h e  curve of eq. ( 7 )  gave values  of R ranging from 

0.29-0.51. 

Six of t h e  nine cases had an R close t o  0.5. 

The s c a t t e r  w a s  of comparable magnitude t o  t h a t  of eq. (51, 

Conclusion -- 
I t  seems t h a t  for  t h e  8-12~ window t h e  angular  v a r i a t i o n  of incoming 

1/2 * 
sky r a d i a t i o n  can be well represented as a linear func t ion  of sec . 
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The cm Window,-The Construct ion o f  an 18  gc /s  3adiometer 

I n  t h i s  par t  of t h e  r e p o r t  d e t a i l s  of t h e  radiometer design w i l l  be 

e labora ted  upon. 

annual  r e p o r t  (Apr i l ,  1965) regarding t h e  time schedule for completion of 

t h i s  instrument t h e r e  s t i l l  remain several important t a s k s  before  meaningful 

q u a n t i t a t i v e  observations can be obtained. 

i n  t h e  course of t h e  following discussion.  

Contrary t o  t h e  o p t i m i s t i c  view taken i n  t h e  first semi- 

These t a s k s  w i l l  be  mentioned 

Figure 6 is a view of t h e  completed radiometer i n  t h e  conf igura t ion  for  

sky and cloud observat ions.  It is w e l l  t o  p o i n t  ou t  a t  t h i s  time t h a t  t h e  

instrument i s  by no means "state of t h e  ar t"  i n  e i t h e r  s i ze  or components. 

I t  was b u i l t  i n  t h e  manner i l l u s t r a t e d  i n  o rde r  t o  u t i l i z e  r e a d i l y  a v a i l a b l e  

components and t o  permit easy modif icat ion.  

observat ions come i n t o  cons idera t ion  t h e  c i r c u i t  design should be f i n a l i z e d  

permi t t ing  more compact packaging. 

some r a t h e r  bulky power supp l i e s  and provides  a s tu rdy  support  for t h e  antenna 

assembly. 

A t  a la ter  d a t e  when aircraft  

For t h e  time being t h e  cab ine t  houses 

A s  was s t a t ed  i n  t h e  semi-annual r e p o r t  t h e  i n t e n t i o n  has  been t o  keep 

t h e  radiometer a s  simple as poss ib le .  In choosing a to ta l  power radiometer  

s i m p l i c i t y  i n  terms of c i r c u i t  complexity i s  c e r t a i n l y  achieved,  bu t  a t  t h e  

expense of having t o  cope with s t a b i l i t y  problems. For t h e  purpose which 

t h i s  instrument is being constructed r m s  output  f l u c t u a t i o n s  of l-S°K are 

thought t o  be acceptable ,  considerably eas ing  t h e  requirements  on ga in  

s t a b i l i t y ,  temperature c o n t r o l  and local osci l la- i -or  s t a b i l i t y .  

problem encountered has been a n  excessively long "warm up" t i m e  requi red  t o  

minimize d r i f t .  

The main 
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In  Figure 7 is shown a block diagram of t h e  radiometer.  Each block 

is  labe led  i n  some detail  so t h a t  thorough d iscuss ion  of a l l  blocks need 

not be made. 

t h e  microwave " f ron t  end" and fo r  t h i s  reason Figures  8 , 9 ,  and 10 are included 

to show details which w i l l  be discussed below. 

For t h e  most p a r t ,  design of t h e  radiometer has  centered  about 

The antenna is  a fibre-glass parabaloid 1.07 meters i n  diameter f ed  

by a 1 0  db horn. 

wave communication l i n k  so that: i t s  sur face  accuracy is s u i t a b l e  for  use  

a t  18.8 gc / s .  

t h a t  it has been sprayed with aluminum. 

is 0.33 and t h e  Rayleigh d i s t a n c e  i s  150 meters. 

formula for parabol ic  reflectors i l luminated by small horns (17).  

The paraboloid has previously been used i n  a 32 gc /s  micro- 

However, i t s  o r i g i n a l  s i l v e r e d  su r face  was badly chipped so 

The f o c a l  length  t o  diameter ra t io  

Using t h e  fol lowing empir ica l  

ad2 ~ = r  t r t i o ~ o g w  E H  

t h e  g a i n  G is ca lcu la ted  t o  be 45.1db.  

factors dependent upon t h e  a t tenuat ion  a t  t h e  edge of t h e  reflector i n  t h e  

p lane  of p o l a r i z a t i o n  being considered, d is t h e  diameter  of t h e  r e f l e c t o r  

and X is t h e  wavelength. The a t tenuat ion  a t  t h e  edge of t h e  r e f l e c t o r  is 

obta ined  from t h e  manufacturers s p e c i f i c a t i o n s  for  t h e  horn and rE and rH 

are t abu la t ed  by Thourel. 

beamwidth is ca lcu la t ed  t o  be 1 .02  degrees. 

t h e  a c c u r a t e  bores ight ing  of t h i s  antenna and measurement of i t s  ga in  and 

r a d i a t i o n  pa t t e rn .  

t h e  p o s i t i o n s  of both t h e  r e f l e c t o r  and t h e  feedhorn with r e spec t  t o  each 

o t h e r .  Po la r i za t ion  of t h e  antenna can be changed by r o t a t i n g  t h e  e n t i r e  

In  t h i s  formula rE and rH are 

Using t h i s  ga in  f i g u r e  t h e  approximate h a l f  power 

One of t h e  remaining t a s k s  i s  

For boresight ing provis ion  has been made for ad jus t ing  
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microwave assembly i n  i t s  support ing yoke. 

t h i s  antenna. 

F i g u r e 9  is  a f r o n t  view of 

Referring to  Figures 8 and10 t h e  major components of  t he  microwave 

"front  end" can be i d e n t i f i e d .  The l o c a l  o s c i l l a t o r  is a 2K25 k lys t ron  

housed i n  t h e  l a rge  cy l inde r  followed by a s o l i d  state frequency doubler 

providing 5 mw a t  18.8 gc/s .  

and absorpt ion wavemeter t o  t h e  balanced diode mixer. 

in tegra ted  mixer and s o l i d  state 30 mc/s preampl i f ie r  is employed and is 

packaged i n  the  long rec tangular  box. 

Bonardi type  2140 waveguide mounted "noise" diode is fed  through an a t t e n u a t o r  

and 10  db d i r e c t i o n a l  coupler t o  t h e  s i g n a l  input  port on t h e  mixer. 

"noise" source is  connected a t  a l l  times and, as such, con t r ibu te s  an 

excess "noise" temperature T given by 

This power is coupled through an a t t e n u a t o r  

An A I L  type 1354132 

For  c a l i b r a t i o n  purposes a Demornay- 

This 

NE 

where To i s  the  ambient temperature,  TD is t h e  e f f e c t i v e  no i se  diode temp- 

e r a t u r e ,  L i s  t h e  f ixed  coupling loss and L is t h e  a t t enua t ion  (18) .  For 

l a rge  values of L 

r ece ive r  no ise  temperature. The range of c a l i b r a t i o n  temperatures with t h i s  

arrangement i s  approximately 30-1100°K and permits  e s t a b l i s h i n g  c a l i b r a t i o n  

increments. 

t h e  radiometer can be c a l i b r a t e d  abso lu te ly  t o  an accuracy dependent upon 

t h e  accuracy t o  which t h e  "cold source" and TNE are known. 

achieving t h i s  absolute  c a l i b r a t i o n  has been devised but not  y e t  incorporated.  

C A 

t h e  c a l i b r a t i o n  c i r c u i t r y  con t r ibu te s  about 30°K t o  t h e  A 

When t h e  antenna input  is switched to a known "cold source" 

A scheme for 

The cen te r  frequency of  t h e  preampl i f ie r  is 30 mc/s and i t s  3 db bandwidth 
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is 8 mc/s. 

3 db bandwidth of 3 mc/s which w i l l  be increased t o  8 mc/s t o  match t h a t  of 

t h e  pre-amplif ier .  

mode with its t i m e  cons tan t  se lec ted  by switching t h e  in t eg ra t ing  capac i to r  

and its output  is fed  t o  a servo recorder through a balancing network, which 

is requi red  t o  e s t a b l i s h  the "reference zero level ."  

Figure 6 is a Varian 1 0  mv model which w i l l  soon be replaced by a more 

v e r s a t i l e  Moseley model 680 5 mv recorder .  

The post-amplif ier ,  a n  AIL type 130 labora tory  r e c e i v e r ,  has a 

The de t ec to r  is a c r y s t a l  diode operat ing i n  a l i n e a r  

The recorder  shown i n  

The app l i cab le  radiometer formula is 

AT = M (TA + TR) (BT) 1/26 (11) 

where AT is t h e  rms output  f luc tua t ion ,  M i s  a mode factor, TA t h e  antenna 

temperature,  T 

T t h e  in t eg ra t ion  time constant  and 6 an i n s t a b i l i t y  factor (19) .  

t h e  r ece ive r  temperature, B is t h e  pre-detect ion bandwidth, R 

For t h e  two channel to ta l  power radiometer  t h e  proper mode factor is 

Assuming t h a t  t h e  o v e r a l l  noise f i g u r e  of t h e  r ece ive r  is 12 db a E l  = 1. 

rece ive r  no ise  temperature of approximately 3400OK i s  obtained. Le t t ing  

TA = 300°K, 6 = 1, B = 3 mcls and T = 1 second t h e  ca l cu la t ed  r m s  f l u c t u a t i o n  

AT is found t o  be 2.1°K. Laboratory tests y i e l d  a value f o r  AT of about S°K 

with approximately these  parameters. The discrepancy l i e s  both i n  t h e  accuracy 

with which t h e  parameters are known and i n  t h e  i r s t a b i l i t y  factor 6 which 

c e r t a i n l y  cannot be uni ty .  

increased  t o  8 mc/s t h e  output  f luc tua t ions  should be reduced by m. 
When the bandwidth of t h e  post-amplif ier  i s  

I n  summary, a microwave radiometer has been bu i l twh ichappea r s  t o  s a t i s f y  
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t h e  des i red  performance spec i f i ca t ions .  However, a number of important 

tasks remain to  be completed. These are: 

1. Boresighting of t h e  antenna and determination of i t s  ga in ,  main 

lobe beamwidth and r a d i a t i o n  pa t t e rn .  

2. Broadening t h e  post-amplif ier  bandwidth t o  8 mc/s t o  match t h a t  

of the pre-amplifier.  

Absolute c a l i b r a t i o n  of t h e  radiometer and accura te  determinat ion 3 .  

of the  output  f luc tua t ions .  

These tasks w i l l  be c a r r i e d  ou t  as expedient ly  as poss ib l e  t o  permit 

i n i t i a t i o n  of an observat ion program. 
6 

I n  t h e  preceeding d iscuss ion  many of t h e  troublesome s u b t l e t i e s  which 

have been encountered have purposely been omitted.  The i n t e n t i o n  has been 

only t o  ou t l ine  t h e  genera l  c h a r a c t e r i s t i c s  and conf igura t ion  of t h e  

instrument.  

meter w i l l  be out l ined.  

I n  t h e  following d iscuss ion  some of t h e  uses  for  t h i s  rad io-  

Some Proposed Uses of t h e  Microwave Radiometer 

The radiometer configurat ion shown i n  Figure 6 is  intended pr imar i ly  for  

observat ions of sky temperature under var ious  deerees  of cloudiness  and for  

d e t a i l e d  s tudy  of l a rge  scale thunderstorm cells.  

measurement of t h e  e f f ec t ive  emiss iv i ty  of su r face  f e a t u r e s  such as f o r e s t s ,  

mountains, and bodies of water a t  d i s t ances  g r e a t e r  than  the  Rayleigh d i s t ance  

and near  grazing angles .  

I t  may also be used for 

If taken i n t o  nearby mountains some of t h e s e  

measurements can be obtained a t  near  normal incidence.  

a similar radiometer conf igura t ion  have been made and r epor t ed  a t  35 gc / s  (20) .  

A s  was mentioned i n  t h e  semi-annual r e p o r t  two antennae a r e  provided 

Such measurements with 
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for  t h e  radiometer described above. 

feedhorn and replacement with a small 20 db horn antennae small samples of 

By removal of t h e  parabaloid and 

var ious ma te r i a l s  can be s tudied.  In o rde r  t o  minimize t h e  proximity effects 

of t h e  radiometer t h e  p l a t e  upon which t h e  microwave sec t ion  i s  mounted can 

be supported on a small t r i p o d  and t h e  horn antenna d i r ec t ed  p a r a l l e l  t o  

t h i s  p l a t e  towards t h e  sample. It is also l i k e l y  t h a t  a c i r c u l a t o r  and/or 

an isolator would be requi red  between t h e  antenna and t h e  input  part of the  

mixer t o  minimize r e f l e c t i o n  of rad ia ted  local o s c i l l a t o r  power. The material 

samples can be supported i n  such a way t h a t  t h e  angle  of incidence can be 

var ied  from normal to  grazing.  This l a s t  arrangement is termed t h e  configu- 

r a t i o n  for su r face  emiss iv i ty  measurements and has not  y e t  been implemented. 

However, similar measurements at  16 gc / s  have been repor ted  (21).  

A t  a l a te r  d a t e  it may be possible  t o  c a r r y  out  a series of observat ions 

from an  aircraft. Within reasonable d i s t ance  of S e a t t l e  are found many 

r e p r e s e n t a t i v e  sur faces  which w i l l  be viewed by a sa t e l l i t e  born radiometer;  

from d e s e r t  t o  g l a c i e r s  and sal t  water t o  f r e s h  water. With a nad i r  pointed 

radiometer a s i g n i f i c a n t  quant i ty  of surface d a t a  can be c o l l e c t e d  from a 

l i g h t  aircraft on r e l a t i v e l y  s h o r t  f l i g h t s .  

Regarding t h e  study of thunderstorm cel ls ,  t h e  midwest during t h e  summer 

months offers a good opportunity.  I t  is  required t h a t  t h e  chosen loca t ion  

have a r a i n  gauge network and a p rec ip i t a t ion  r a d a r  would be highly des i r ab le .  

A t  t h e  present  time t e n t a t i v e  p lans  a r e  being l a i d  for  an excursion t o  a 

s u i t a b l e  area during the summer of 1966. 
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Considerations Relevant t o  c m  Wave Study 

The purpose of t h e  present  s tudy is t o  examine t h e  f e a s i b i l i t y  of 

obta in ing  addi t iona l  u s e f u l  information f o r  weather r epor t ing  and fo recas t ing  

through t h e  inclusion of microwave in f r a red  sensors  i n  meteorological  s a t e l l i t e  

payloads. 

dependent upon knowledge of t h e  geography of t h e  s u b - s a t e l l i t e  po in t  

corresponding t o  the  "picture"  and of t h e  "surfaces" being viewed. 

t h i s  i n t e r p r e t a t i o n  are the  lower r e s o l u t i o n  of t h e  sensor  (compared t o  

o p t i c a l  and intermediate  in f r a red  sensors )  and t h e  depth of pene t ra t ion  of 

t h e  microwave r ad ia t ion  ( o r  t h e  depth from which t h e  r a d i a t i o n  is considered 

t o  o r i g i n a t e ) .  

of the  spectrum only i f  t h e  r ad ia t ions  a r i s i n g  from t h e  "surface" and i n t e r -  

vening atmosphere can be so r t ed  out .  

In t e rp re t a t ion  of t h e  "pictures"  obtained from such sensors  is 

Complicating 

The t ransparency of clouds is an advantage of t h i s  region 

The emiss iv i t i e s  of var ious t e r r a i n  a r e  then  important f a c t o r s  i n  an 

a n a l y s i s  of t h e  da t a  received from a sa te l l i t e  born sensor .  

e m i s s i v i t i e s  i n  t h e  microwave in f r a red  region are func t ions  of 1) t h e  

composition of the t e r r a i n ,  2 )  i ts  e l e c t r i c a l  conduct iv i ty ,  3 )  i ts  "roughness" 

and 4) t h e  frequency of observat ion.  

of t he  c h a r a c t e r i s t i c s  of d i f f e r e n t  types  of ground which have been obtained 

by d i r e c t  and ind i r ec t  means a t  lower f requencies .  Because of t h e  na tu re  of 

t h e  ground these must be considered as average or e f f e c t i v e  values .  

column labe led  t r a n s i t i o n  frequency is  l i s t e d  t h e  f requencies  above which 

t h e  spec i f i ed  ground behaves as a d i e l e c t r i c .  

conduct iv i ty  independent and t h e  a t t enua t ion  and apparent  sk in  depth (not  

p a r t i c u l a r l y  meaningful) a r e  dependent on conduc t iv i ty  but  independent Of 

frequency. 

These 

In t a b l e  2 3 o m  ( 2 2 )  are l i s t e d  some 

In t h e  

I n t r i n s i c  r e s i s t a n c e  is 

There e x i s t s  a range of f requencies  above t h e  t r a n s i t i o n  frequency 
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where t h e s e  condi t ions approximately hold,  but  i n  t h e  microwave i n f r a r e d  

reg ion  t h e  c h a r a c t e r i s t i c s  of most materials have become frequency s e n s i t i v e .  

This s e n s i t i v i t y  r e s u l t s  from t h e  o r i e n t a t i o n  of permanent d ipo le s  and i o n i c  

o r  e l e c t r o n i c  conduction. I n  add i t ion ,  t h e  atteL,uation i n  some materials 

is temperature dependent. 

Water has a high d i e l e c t r i c  constant  and high l o s s  i n  t h e  microwave 

inf ra red  region and t h e  p rope r t i e s  of many materials are c r i t i c a l l y  dependent 

on t h e i r  water conten t .  

of t e r r a i n  may be almost e n t i r e l y  due t o  moisture  content .  

shown t h e  behavior of t h e  d i e l e c t r i c  cons tan t  of water a t  3 ,  10  and 24 gc/s  

as a func t ion  of temperature  (23) .  

Thus, t h e  d i f f e rences  i n  p r o p e r t i e s  of some types 

I n  F igure11  is 

The conduct ivi ty  of water varies from mho/meter for f r e s h  water 

t o  about 6 mho/meter f o r  sea water. 

about 

is  a func t ion  of temperature s a l i n i t y  and f r e s h  water input  and i s  considerably 

more va r i ab le .  

l a r g e  f r e s h  water runoff have t h e  lowest conduct iv i ty .  

Conduct ivi ty  of t h e  Great Lakes is 

mho/meter and is no t  highly va r i ab le .  I n  t h e  oceans conduct iv i ty  

Regions of low temperature and high p r e c i p i t a t i o n  r a t e  or 

Within the c o n t i n e n t a l  United S t a t e s  t h e  ground c o n l u c t i v i t y  v a r i e s  by 

a f a c t o r  of  30. 

r e l a t i v e l y  high conduct iv i ty .  

seen t h a t  t h e  lowest conduc t iv i t i e s  occur i n  t h e  Colorado Rocky Elcuntains 

and t h e  S i e r r a  Nevada range. The highest  c o n d u c t i v i t i e s  occur  i n  c e n t r a l  

Nebraska and North and South Dakota. 

I n  gene ra l ,  h i l l y  o r  mountainous reg ions  are reg ions  of 

From a map produced by t h e  FCC (Y+) it i s  

The behavior of emis s iv i ty  as a func t ion  of t h e  zen i th  ani,': f o r  the  

e a r t h ' s  sur face  is of  important concern l a r g e l y  because su r face  r a d i a t i o n  

r ep resen t s  t h e  background a g a i n s t  which phonomena t ak ing  p l ace  i n  t h e  
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atmosphere must be observed. 

ness  of t h e  emiss iv i ty  curves as a function of t h e  zen i th  angle  s ince  many 

sur faces  of i n t e r e s t  are rough compared t o  t h e  wavelength of observation. 

The Fresne l  r e f l e c t i o n  coe f f i c i en t s  apply to an element of surface but  vary 

from po in t  t o  point .  

of s c a t t e r i n g  of electromagnetic waves from rough su r faces  and it is expected 

t h a t  t h e  frequency dependence of emissivi ty  i s  r e l a t e d  t o  roughness a l s o  (26). 

In f i g u r e s  1 2 a n d 1 3 a r e  shown a few emiss iv i ty  measurements which were 

One question which arises concerns t h e  smooth- 

O f f  hand, t h e  problem appears t o  be similar t o  t h a t  

mentioned earlier. These r e s u l t s  show t h e  t y p i c a l  behavior of real materials 

i n  t h e i r  depar ture  from Lambert's law with t h e  exception of t h e  curve for  

water i n  f igure12which  is more typ ica l  of a conductor a t  near  grazing angles  

than  a d i e l e c t r i c .  

r e l a t e d  t o  t h e  Brewster angle  and the o v e r a l l  shape t o  s t rong  sky r e f l e c t i o n  

from t h e  surface ( t h e  phenomenon of the  Brewster angle  is observed only when 

l o s s e s  are small and occurs a t  an incidence angle  of approximately 53 degrees 

only for v e r t i c a l  po la r i za t ion ) .  

The authors  suggest t h a t  t h e  discontinuous shape may be 

Cne important f e a t u r e  to  note  is t h a t  t h e r e  appears to  be l i t t l e  depart-  

u r e  of t h e  emiss iv i ty  from t h a t  of the  zeni th  d i r e c t i o n  f o r  zen i th  sngles  

up t o  30 degrees.  

i n  f i g u r e 1 2 .  

made for comparison with the  above and observa t ions  of o the r s  and t h e  

t h e o r e t i c a l  aspec ts  of sur face  emissivi ty  i n  t h e  microwave in f r a red  regior,  

w i l l  be inves t iga ted .  

There is some doubt about t h e  "blackness" of t h e  r e s u l t s  

During t h e  course o f t h i s  s tudy similar observat ions w i l l  be 

Sky observa t ions  can be placed i n  two ca tegor ies :  1) observat ion of 

t h e  microwave in f r a red  emission expressed as apparent sky temperature as 

modified by var ious  degrees of cloudiness ,  types of clouds and p r e c i p i t a t i o n  
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and 

discharge mechanisms. 

important because of t h e i r  d i r e c t  r e l a t i o n s h i p  t o  t h e  l i q u i d  water and water 

vapor conten t  of t h e  atmosphere. 

vary with loca t ion ,  time, and zeni th  angle.  

range of frequencies have already been made by r a d i o  astronomers and propaga- 

t i o n  researchers  for t h e  purpose of assess ing  t h e  atmospheric and cosmic 

cont r ibu t ions  t o  unwanted noise .  Although t h e  number of loca t ions  is small 

a s s imi l a t ion  of t h e  more r e l i a b l e  da t a  may prove he lp fu l  f o r  i n t e r p r e t a t i o n  

purposes. A study of the  effects of meteorological  condi t ions  a f f ec t ing  

r a d i o  astronomy observat ions has been made a t  NRAO a t  9 gc /s  which shows 

t h e  e f f e c t s  of cyclonic  condi t ions  and f r o n t a l  a c t i v i t y  on observed f l u c t u a t i o n s  

(26).  In  f igu re  llrare shown t h e  type of average sky temperature r e s u l t s  

expected (26)  with t h e  dot ted  curve drawn i n  t o  r ep resen t  t h e  approximate 

r e s u l t s  for 18.8 gc/s (1 .6  cm). 

2)  microwave emissions generated by charge production, exchange and 

Under the  first category a r e  measurements which are 

It is  important t o  know how sky temperatures 

Numerous observat ions over a wide 

Of p a r t i c u l a r  i n t e r e s t  is t h e  con t r ibu t ion  of r a i n  t o  t h e  sky temperature 

for t h e r e  seems to be some p o s s i b i l i t y  of de t ec t ing  it a g a i n s t  c e r t a i n  

su r face  background, p a r t i c u l a r l y  oceans ( 28). Referr ing t o  f i g u r e  14b it is 

seen t h a t  t h e  sky temperatures are considerably h igher  under condi t ions  Of 

moderate r a i n  as compared t o  c l e a r  sky condi t ions .  

expected from emit t ing p rope r t i e s  of an absorbing medium. 

shown t h e  approximate l i m i t s  of a t t enua t ion  by r a i n  as a func t ion  of frequency 

(29) .  

s i z e s  versus  p rec ip i t a t ion  r a t e  which has been widely used for many years .  

For  present  purposes it is mentioned t h a t  t h e  range of water d r o p l e t  diameters 

This is, of course,  

I n  f i g u r e  1 5  are 

In  t h i s  same reference  is a t a b u l a t i o n  of t h e  d i s t r i b u t i o n  of drop 
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found i n  t h e  atmosphere are approximately loe4 t o  lo-* c m  for cloud d r o p l e t s ,  

lo'* t o  5 x cm for d r i z z l e  drops and 5 x t o  4 x 10-1 cm for r a i n  

drops. 

of 6 x 

Of t h e  largest r a i n  drops approaches a wavelength suggest ing t h e  r e l a t i v e  

importance of s c a t t e r i n g  as a l o s s  mechanism f o r  r a i n  elements as compared 

t o  cloud d rop le t s .  

problem i n  d e t a i l  by so lv ing  t h e  equations of r a d i a t i v e  t r a n s f e r  exac t ly  

but  t h e  lowest frequency for which apparent sky temperatures have been computed 

is  30 gc/s. 

of p r e c i p i t a t i o n  observat ions revolve around t h e  r e l a t i v e  effects of s c a t t e r i n g  

and absorp t ion  it should be pointed out t h a t  t h e  choice of 18.8 gc/s  for  

t h i s  s tudy is  p a r t l y  based on t h e  t h e o r e t i c a l  determination of t h e  ex t inc t ion  

p r o p e r t i e s  of r a i n  elements a t  microwave frequencies  (31). 

These figures lead  t o  a range of d rop le t  s ize  t o  wavelength ratios 

t o  2 . 5  x 10-1 f o r  a wavelength of 1 .6  cm (18.8 gc/s) .  The s i z e  

A soon t o  be published paper (30) has considered t h i s  

As t h e  t h e o r e t i c a l  problems assoc ia ted  with t h e  i n t e r p r e t a t i o n  

During t h e  course of t h i s  study a program of observat ions is also planned 

which i s  aimed a t  a s ses s ing  t h e  e f f e c t s  of clouds and p r e c i p i t a t i o n  on t h e  

apparent  sky temperatures a t  18.8 gc/s. 

f requent  oppor tun i t i e s  for observing s c a t t e r e d  showers and uniform widespread 

r a i n  o r  d r i z z l e  but  t h e  high p rec ip i t a t ion  rates assoc ia ted  with l a r g e  scale 

a c t i v i t y  w i l l  be s tud ied  elsewhere. 

I n  t h e  S e a t t l e  area t h e r e  are 

I n  t h e  second category of cloud observat ions it is not  expected t h a t  

microwave emission due t o  discharge mechanisms w i l l  be observed (except 

poss ib ly  very close t o  a l a r g e  l igh tn ing  s t roke)  because of  t h e  r ap id ly  

decreasing power spectrum with increasing frequency ( 3 2 )  and t h e  use 

r e l a t i v e l y  long time cons tan ts  i n  the radiometer.  

of 

The power spectrum of 
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charge exchange mechanisms i s  a l s o  apparent ly  neg l ig ib l e  a t  these  high 

frequencies  ( 3 3 ) .  Nevertheless,  during observat ion of t h e  l a r g e  s c a l e  

convective clouds ind ica t ion  of t h e s e  mechanisms w i l l  be looked for. 

Future Plans 

This group plans t o  continue t h i s  work along t h e  l i n e s  discussed above. 

Direct f i e l d  t e s t i n g  i n  t h e  4p area for albedos and su r face  temperature 

looks promising. A photo-conductive ce l l  instrument with f i l t e r s  may be 

b u i l t  t o  obtain measurements i n  t h e  4~ and 1 0 ~  windows. 

albedo as w e l l  as su r face  temperature could be found. 

f o r  t h e  cm region w i l l  soon be i n i t i a t e d .  

From these  da t a  

A f i e l d  tes t ine ;  prograin 
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Correction to the First Semi-Annual Report Contract NASA NSG-632 by 

K. J .  K. Buettner, K. Katsaros and W. Kreiss: on page 6 there is a 

misprint. 

erroneous. 

rather than 97.4. 

The "sand dunes of South Hanford" data in  Table I is 

The first line of sand dune emissivity should read 94.7 


